Mammalian target of rapamycin (mTOR) signaling is often aberrantly activated, particularly when genetically altered, in human cancers. mTOR inhibitors targeting the activated mTOR signaling are highly promising anti-cancer drugs. Knowing the activating genetic change in mTOR can help guide the use of mTOR inhibitors for cancer treatment. This study was conducted to identify and characterize novel oncogenic mTOR mutations that can potentially be therapeutic targets in human cancer. We sequenced 30 exons of the mTOR gene in 12 thyroid cancer cell lines, 3 melanoma cell lines, 20 anaplastic thyroid cancer (ATC) tumors, and 23 melanoma tumors and functionally characterized the identified novel mTOR mutations in vitro and in vivo. We identified a novel point mutation A1256G in ATC cell line and G7076A in melanoma tumor in exon 9 and exon 51 of the mTOR gene, respectively. Over-expression of the corresponding mTOR mutants H419R and G2359E created through induced mutagenesis showed markedly elevated protein kinase activities associated with the activation of mTOR/p70S6K signaling in HEK293T cells. Stable expression of the two mTOR mutants in NIH3T3 cells strongly activated the mTOR/p70S6K signaling pathway and induced morphologic transformation, cell focus formation, anchorageindependent cell growth, and invasion. Inoculation of these mutant-expressing cells in athymic nude mice induced rapid tumor development, showing their driving oncogenicity. We also demonstrated that transfection with the novel mutants conferred cells high sensitivities to the mTOR inhibitor temsirolimus. We speculate that human cancers harboring these mTOR mutations, such as ATC and melanoma, may be effectively treated with inhibitors targeting mTOR.
Introduction
Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase that functions as a master regulator of various fundamental cellular functions such as cell proliferation, growth, metabolism, and autophagy in response to the stimulation by various growth factors, amino acids and nutrients [1, 2] . mTOR forms two functionally distinct complexes termed mTORC1 and mTORC2 (mammalian target of rapamycin complex 1 and 2) by binding to various signaling protein molecules [1] . Many cancer-promoting signaling systems activate the mTORC1 pathway [3] . In response to growth factors and nutrients, mTORC1 regulates cell growth and proliferation through the phosphorylation of downstream effector substrates, ribosomal protein S6 kinase 1 (S6K1; also known as p70S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) [1] . The function of mTORC2 is not very well understood, but it is considered as part of the PI3K/Akt pathway as it directly phosphorylates the hydrophobic motif at Ser 473 of Akt, which is one of the phosphorylation sites that are required for Akt activation in response to growth factor stimulation [3] .
Aberrant activation of the mTOR signaling pathway has been reported in the majority of human cancers [1] , including melanoma [4] , and thyroid cancer [5] . mTOR has a key role in human malignancies, making it an attractive target for cancer therapy. The mTOR inhibitors rapamycin and rapalogues (analogs of rapamycin) have been extensively studied as anti-neoplastic drugs in clinical trials. In particular, temsirolimus (also known as CCI-779) and everolimus are approved for the treatments of patients with advanced renal cell carcinoma. Temsirolimus is also approved for the treatment of mantle-cell lymphoma. In addition to these drugs, second-generation inhibitors of mTOR have also entered clinical development [6] .
Several studies have identified activating mTOR mutations with gain-of-function via artificial mutagenesis [7] [8] [9] . Expression of ΔTOR-deletion mutant (deletion of amino acids 2430-2450 in the kinase domain of the mTOR) in the HEK293 cells showed a 3.5-fold increase in the kinase activity, followed by enhanced phosphorylation of p70S6K [7] . Expression of this mutant in p53−/− MEF increased colony formation and addition of adenoviral E1A protein further enhanced the number of colonies. These results suggest that the ΔTOR expression could contribute to cell survival and transformation [10] . Some gain-of-function mTOR mutations are also on the list of cancer-associated mutations derived from COSMIC (Catalog Of Somatic Mutations in Cancer) database (http://www.sanger.ac.uk/ genetics/CGP/cosmic/) [11] .
We previously demonstrated that artificially generated mutations in the critical domains of mTOR enhanced protein kinase activities of mTOR, activated mTOR/p70S6K signaling pathway, caused cell transformation and invasion, and induced rapid tumor formation in nude mice, suggesting that mTOR is tumorigenic upon mutation [12] . However, to date, whether mTOR is mutated in human cancers has not been functionally well studied. In the present study, we investigated the mutational status of mTOR gene in two aggressive human cancers, anaplastic thyroid cancer (ATC) and melanoma, as the PI3K/Akt/mTOR signaling pathway genes are often genetically altered in these cancers [4, 13] .
Results

Identification of two novel mTOR mutations
To test whether mTOR gene was mutated in thyroid cancer and melanoma, we examined 30 exons of the mTOR gene for mutation in 12 thyroid cancer cell lines (including 8 ATC cell lines), 20 ATC tumor samples, 3 melanoma cell lines, and 23 melanoma tumor samples. We chose these exons because they covered the important domains of mTOR, such as FAT and kinase domains in which a few mutations had been previously documented in the COSMIC database. We found 2 novel heterozygous point mutations, one in the C643 ATC cell line and the other in a melanoma tumor sample. As illustrated in Fig. 1a , the mutation found in C643 cell line showed an A>G transition in nucleotide position 1256. This mutation changed codon 419 from CAT to CGT, resulting in the amino-acid change of histidine to arginine (H419R) of mTOR. As shown also in Fig. 1a , the other mutation found in a melanoma tumor represented a G>A transition in nucleotide position 7076. This mutation changed codon 2359 from GGG to GAG, resulting in the aminoacid change of glycine to glutamic acid (G2359E) of mTOR. Reverse, multiple independent PCR and re-sequencing confirmed the 2 mutations to be authentic. These mutations were not found in the COSMIC database and in the literature. We also did not find them in the databases of single-nucleotide polymorphism NCBI (http://www.ncbi. nlm.nig.gov/projects/SNP) and ENSEMBL (http://uswest. ensembl.org). Thus, these were two novel point mutations of the mTOR gene in human cancers. The prevalence of the mTOR mutations was 12% (1/8) in ATC cell lines and 4% (1/23) in melanoma.
In vitro protein kinase activity of novel mTOR mutants
As shown in Fig. 1b , comparison of multiple amino-acid sequences of mTOR in 12 different species of eukaryote revealed that the H419 and G2359 residues were evolutionarily conserved in the mTOR proteins among various species. As also depicted in Figs. 1c, 2a & Supplementary Figure S1 , the mutated amino-acid residues H419 and G2359 were located within the HEAT repeats and kinase domains, respectively, and altered confirmation of native protein. We therefore surmised that these novel mTOR mutations probably altered the serine/threonine kinase activity of mTOR. To test this possibility, we conducted in vitro site-directed mutagenesis to artificially generate these 2 mutations and examined the protein kinase activities of their mutants, using 2 mTOR mutants from our previous studies as positive controls. To this end, we transiently transfected HEK293T cells, immunoprecipitated the vector, wild-type mTOR and each of the mutants, and examined and compared the in vitro protein kinase activities of mTOR. As shown in Fig. 2b , the 2 novel mTOR mutants showed threeto sevenfolds of enhanced protein kinase activities on the substrate p70S6K-GST-fused protein in comparison with the wild-type mTOR. The artificially created activating mutation from our previous studies also displayed high activities (Fig. 2b) . As shown in Fig. 2c , wild-type and mutant mTOR protein expression were confirmed by western blotting both in whole cell lysates and in immunoprecipitates and no expression was observed with the control vector as expected. These results showed that the 2 novel mTOR mutations were gain-of-function protein kinase mutations. had elevated serine/threonine protein kinase activities. To investigate particularly the functional consequences of the mTOR mutations in the downstream mTOR signaling, we examined mTOR mutant-induced activation of the p70S6K, which is a well-defined direct substrate of mTOR. We specifically examined the phosphorylation level of p70S6K (threonine 389) in HEK293T cells transfected with the vector, wild-type and novel mTOR mutants. As illustrated in Fig. 2d , all the mTOR mutant-transfected cells showed several-fold increase in the phosphorylation compared with wild-type transfected cells. As seen in Fig. 2e , comparing the wild-type phosphorylation with mutants by quantifying the intensity of the bands showed that mutants had robust protein kinase activities. There was no change observed in total p70S6K and β-actin protein expression levels. We next determined whether the novel mTOR mutants activated mTORC2 by examining the phosphorylation of Akt at Ser473, a direct substrate of mTORC2. As illustrated in Fig.  2d and f, these novel mTOR mutants highly phosphorylated Akt. These results strongly suggest that the novel mutants could activate both mTORC1 and 2. Therefore our data demonstrated that these novel mTOR mutations represented gain-of-function mutations.
Novel mTOR mutants promoted anchorageindependent growth and focus formation in NIH3T3 cells in vitro
To explore further the oncogenic potential of these novel mutations, we analyzed whether these mTOR mutants could induce any oncogenic phenotypes in the NIH3T3 cell. To test this, we performed soft agar colony formation assay by transiently transfecting NIH3T3 cells and seeding them on soft agar and evaluating anchorage-independent cell growth. As shown in Fig. 3a and b, the novel mTOR mutants formed more colonies than the wild-typeexpressing cells. Similarly, in focus formation assay as shown in Fig. 3c , all the mutant-transfected cells readily formed multi-layered foci but not the wild-type transfected cells. As shown in Fig. 3d , the mutant-transfected cells formed more foci than the wild-type and the wild-type showed only a few multi-layered colonies. These results suggested that the gain-of-function mTOR mutants were oncogenic.
Stably transfected novel mTOR mutants induced morphological transformation and activation of the mTOR/p70S6K and Akt signaling pathways
The above-observed strong focus-forming ability of the mTOR mutants suggested that the mTOR mutantexpressing cells might have lost its original morphology and undergone transformation. Indeed, as illustrated in Fig.  4a with stable transfection, we found that the vector and wild-type-expressing cells resembled the parental NIH3T3 cells but the mutant-expressing cells showed many morphological differences. The H419R and G2359E mutants and the positive control (E2288K) exhibited complete adherence loss, thickening, more twisted and spindleshaped appearance, growth on each another, and more aggressive appearance. These are all the characteristic features of a typically transformed cell. Moreover, as shown in Fig. 4b and c, western blotting assay confirmed the expression of mTOR and the phosphorylation of p70S6K (threonine 398), consistent with the activation of the HEK293T cells were transiently transfected with myc-tagged vector, wild-type mTOR (Wt), and each of the 2 novel mTOR mutants (H419R and G2359E) and two hyperactive mutants (P2273S and E2288K) as positive control as indicated. Cell lysates were immunoprecipitated with the anti-c-myc antibody and immunoprecipitates were assayed for protein kinase activity of mTOR as described in the Materials and Methods. c. Expression of novel mTOR mutants in the HEK293T cells corresponding to the assays in b. HEK293T cells transiently transfected with the indicated expression vector constructs as described in b and cell lysate proteins were subjected to immunoprecipitation followed by the corresponding protein kinase assays as shown in b. Parts of these immunoprecipitates and whole-cell lysate from the above indicated transfectants were subjected to western blotting analyses using appropriate antibodies as described in the Materials and Methods. Successful immunoprecipitation of myctagged wild-type mTOR and each of the novel mTOR mutants is shown in the top row of c. Successful expression of the wild-type and each of the novel mTOR mutants and positive control mutants was reconfirmed by analyzing the whole-cell lysate shown in the subsequent row. The β-actin was used for quality control of the loading proteins. d Activation of the mTOR/p70S6K and Akt signaling pathways by novel mTOR mutants in HEK293T cells. Western blotting analysis of the HEK293T cells transiently transfected with myc-tagged vector, wild-type mTOR and each of novel mTOR mutants H419R and G2359E. Activation of downstream signaling was reflected by increased phosphorylation of p70S6K (P-p70S6K) and Akt (P-Akt). HEK293T cells were transiently transfected with c-myc-tagged vector, wild-type mTOR (Wt), and each of novel mTOR mutants as mentioned. Transiently transfected HEK293T cell lysates were subjected to western blotting analyses for the indicated protein molecules using appropriate antibodies as described in the Materials and Methods. Shown, from top to bottom, are the expression of empty vector, wildtype mTOR (Wt) and two novel mTOR mutants; phosphorylation levels of p70S6K (Thr389); total p70S6K; phosphorylation levels of Akt (Ser473); total Akt; and β-actin for quality controls of loading proteins. e, f Quantitative presentation of the phosphorylation levels of p70S6K and Akt, respectively. Phosphorylation levels of p70S6K and Akt corresponding to the transfection conditions in d as indicated were normalized by dividing the intensities of P-p70S6K and P-Akt by the total p70S6K and Akt, respectively, in d. Results represent mean ± S. D. of three independent experiments mTOR/p70S6K signaling pathway. We next examined whether these mutants activated 4EBP1, another substrate of mTOR, and phosphorylated Akt at S473 to determine whether these mutants activated mTOR complex 2. Indeed, as shown in Fig. 4e and d, these mTOR mutants activated 4EBP1 and Akt, suggesting that these mutants could activate both mTOR complex 1 and 2.
To further test the oncogenic potential of the novel mTOR mutants H419R and G2359E, we performed anchorage-independent soft agar colony formation assay using NIH3T3 cells stably expressing the mTOR mutants. As shown in Supplementary Figure S2A and B, the mTOR mutant-expressing cells formed more colonies on soft agar than the wild-type-expressing cells; the wild-typeexpressing cells showed fewer colonies and were growing mostly as single cells. This was consistent with the results of anchorage-independent cell growth assay performed using transiently transfected cells (Fig. 3a, b) . These results again suggested that the mTOR mutants were gain-offunction mutants that were oncogenic by their own. role of an activated-p70S6K [14] and mTOR mutants [12] in cell motility. We were therefore interested in finding out whether the novel mTOR mutants could promote cell invasion in the present study. As shown in Fig. 5a , NIH3T3 cells stably expressing the mTOR mutants H419R and G2359E were much more invasive on Matrigel matrixcoated membrane than vector or wild-type-expressing cells. The number of invading cells was much larger with the mTOR mutants than with the vector and wild-type mTOR (Fig. 5b) , suggesting again that the novel mTOR mutants could function as oncogenes.
Novel mTOR mutants promoted invasion of NIH3T3 cells
The novel mTOR mutants promoted xenograft tumor formation in nude mice
To test the tumorigenic potential of the two novel mTOR mutants, H419R and G2359E, we injected NIH3T3 cells stably expressing empty vector, wild-type and mTOR mutants as well as a positive control mTOR mutant (E2288K) in athymic nude mice, followed by monitoring of potential tumor formation. As illustrated in (Fig. 2) . c-e Relative phosphorylation of the p70S6K, Akt, and 4EBP1 protein in stably transfected NIH3T3 cells. Shown are the densitometric measurements performed from the densities of the phospho-p70S6K, p70S6K, phospho-Akt, Akt, phospho-4EBP1 and 4EBP1 bands in b.
The relative phospho-p70S6K, phospho-Akt and phospho-4EBP1 levels were obtained by dividing their band densities by the corresponding p70S6K, Akt, and 4EBP1 band density, respectively mTOR mutant developed tumors. We observed no tumors in mice inoculated with vector and wild-type mTOR-expressing cells. This result confirmed the oncogenic and tumorigenic role of the novel mTOR mutations (Fig. 6b) .
Novel mTOR mutants conferred sensitivity of NIH3T3 cells to mTOR inhibitor ATC and melanoma are among the most deadly and aggressive human cancers [13, 15] . Receptor tyrosine kinase inhibitors (RTKi) were clinically evaluated and some are currently approved for the treatment of human cancers, including advanced thyroid cancer. However, acquired drug resistance remains a challenge [16] . As mTOR is a downstream member of the RTKs, occurrence of mutation in the mTOR gene could be a potential mechanism in acquired drug resistance to currently available RTKi-mediated therapy. However, acquired mTOR mutations are still sensitive to mTOR kinase inhibitor in human cancers [17] . In fact, this was seen in a case of ATC [18] . In this context, we explored the effect of a mTOR kinase inhibitor, temsirolimus, on the proliferation of mTOR mutant-expressing cells through performing MTT assay. To determine this, we transiently overexpressed vector, wt-mTOR, and each of the mTOR mutants in NIH3T3 cells and assessed the sensitivities of the transfectant cells to temsirolimus at 0, 10, and 1 µM. Our results showed that all the mutants (H419R, G2359E, and E2288K) were much more sensitive to temsirolimus in a dosedependent manner than the vector and wild-type mTORexpressing cells which showed a modest sensitivity. These results demonstrated that the mTOR mutants conferred a growth advantage to cells and hence sensitivity to the mTOR kinase inhibitor (Fig. 7) . This result also suggests that mTOR kinase inhibitors could also overcome mTOR mutationmediated acquired resistance to RTK inhibitors.
Integrated analyses of TCGA data revealed the presence of mTOR mutations in poorly differentiated and anaplastic thyroid cancers Table S3 .
Discussion
We report here the discovery and functional characterization of two novel oncogenic mTOR mutations in human cancer. Specifically, we found 2 novel missense mTOR point mutations, A1256G and G7076A, in C643 cell line and melanoma tumor, respectively. These 2 mutations resulted in amino-acid change from histidine to arginine (H419R) and glycine to glutamic acid (G2359E) of mTOR, respectively. These mutations are novel somatic mutations that have not been previously reported. A mutation at codon position G2359 was identified previously (G2359R) in a metastatic cutaneous squamous cell carcinoma [19] . The two novel mutations discovered in the present study were in exon 9 and exon 51 of the mTOR gene, with a prevalence of 12.5% of ATC cell lines and 4% of melanoma tumors. While our manuscript was under preparation, some studies came out reporting different mTOR mutations both in anaplastic thyroid cancer and melanomas. A recent study on whole-exome sequencing of ATC samples identified~10% (2/22) of mTOR mutations (R164Q and M2327I), but there was no functional characterization [20] . Another study found no mTOR mutations in differentiated thyroid cancer (DTC) samples [21] . A recent study showed mTOR somatic mutations in melanoma with a prevalence of~11%, which were associated with increased melanoma-specific mortality 
3/117 (2.6%) Poorly-differentiated (PDTC) and anaplastic thyroid cancers (ATC) -MSKCC
MTOR
Logrank test P=0.664
Cases without mutation Cases with mutation The length of the line that connects the mutation annotation to the protein is directly proportional to the number of samples with the mutation. The most recurrent is shown in the diagram. f Survival curve. The diagram shows the Kaplan-Meier plot of overall survival curve of the poorly differentiated and anaplastic thyroid cancer patients without or with mTOR mutations in blue and red color, respectively [15] . These studies, together with ours, suggest that mTOR mutations have an important oncogenic role in a subset of ATC and melanoma. The novel mutations (H419R and G2359E) discovered in the present study are in amino-acid residues H419 and G2359 that are evolutionarily highly conserved over the divergence of various species and these residues are also conserved within the other members of the PIKK family. It has been known that mutations affecting preferentially the evolutionarily conserved amino cid residues are likely of critical functional importance [22] . Indeed, the majority of cancer-associated mutations are in evolutionarily highly conserved residues [11, 23] . The mutated residues H419 and G2359 of the mTOR protein are located in the HEAT repeats and the kinase domain, respectively. More specifically, the H419R mutation is located in the linker region between the HEAT repeat 1 and 2 of the HEAT repeat domain and the G2359E mutation is located within the region of "activation loop" in the catalytic domain of mTOR (Fig. 2a) . It has been shown that the activation loop of protein kinases is a short fragment of~20-30 amino-acid residues, which is flanked by conserved N and C terminal anchor regions [24] . The amino-acid residues from 2357 to 2373 is depicted as the "activation loop" of mTOR [25] . It has also been postulated that activating mutations of TOR are in similar structures as oncogenic mutations in PIK3Cα [26] . Hence, amino-acid changes in this region may result in conformational change of the mTOR protein, with significant functional consequences to the kinase activities and interaction of upstream and downstream proteins of the mTOR signaling pathway.
The intrinsic oncogenic activity of the mTOR mutants is reflected in their enzymatic properties. Functional analysis of the two novel mutations showed that both were of gainof-function, conferring enhanced protein kinase activities of mTOR. This is consistent with a previous study showing enhanced enzymatic activity of human mTOR mutants [11] . Our mutants H419R and G2359E robustly activated the mTOR-associated downstream signaling proteins, such as p70S6K, 4EBP1 and Akt by hyper phosphorylating them at Thr389, Thr-37/Thr-46 and Ser473, respectively. These mutants also strongly promoted focus formation, morphological transformation, anchorage-independent growth, cell invasion, and rapid tumor formation in nude mice, demonstrating their oncogenic and tumorigenic function. Although rare point mutations of mTOR have been previously reported in a few cancer types, no functional validation has been done with them. Interestingly, among some mTOR mutations selected from the human cancer genome database (A8S, S2215Y, P2476L, and R2505P) and introduced into wt-mTOR and expressed in HEK293T cells, S2215Y and R2505P showed increased kinase activities and activation of mTOR/p70S6K signaling; the phosphorylation of mTORC1 substrates retained even under nutrient-starved conditions. Increased number of foci have been observed in Rat 1 cells when the mTOR S2215Y mutant was coexpressed with mutant K-ras but no much significant difference was observed when comparing the mutant mTOR (S2215Y) alone with wt-mTOR [11] . A previous study showed that a renal cell carcinoma-associated mutant (L2431P) over-activated the p70S6K signaling pathway [27] . While we were preparing our manuscript, a mTOR mutation (L2209V) identified in a neuroendocrine cancer was demonstrated to be a transforming somatic mutation [28] and mTOR mutations identified in melanoma [15] and derived from COSMIC were also shown to be gain-offunction and tumorigenic [17, 29, 30] . These results are consistent with our findings in the present study and collectively suggest that mTOR mutations can be oncogenic and promote tumorigenesis.
ATC is the most aggressive type of thyroid cancer; in fact, it is one of the most lethal human malignancies. Most patients with ATC do not live more than 6 months from the initial diagnosis [31] . Likewise, malignant melanoma is highly lethal [4] . The finding of mTOR mutations in ATC cell line, ATC, and melanoma, but not in WDTC suggests that activating genetic alterations of the mTOR occur in aggressive cancers. They likely have a role in the aggressiveness of a subgroup of ATC and melanoma. It is possible that mTOR mutations could promote cancer aggressiveness by inducing invasion and metastasis by affecting the tumor microenvironment equilibrium with the interplay between tumor cells (thyroid/ melanoma) and tumor-associated endothelial cells (pericytes) for the angiogenesis-invasion (paracrine mechanisms) and metastasis likely by activating the mTORC1 and 2 systems [32, 33] . This is consistent with the previous findings that the mTOR pathway is highly activated and has an important role in ATC [34] and melanomas [4] . The mTOR mutationmediated oncogenic cellular signaling is mediated via the downstream p70S6K/4EBP1 and Akt signaling as suggested by our results of hyper-phosphorylation of p70S6K/4EBP1 and Akt, the immediate downstream effectors of mTORC1 and 2, respectively [12] . Consistently, the PI3K/Akt/mTOR signaling pathway has been known to be important in thyroid tumorigenesis [35] . Activation of the PI3K/Akt pathway has been shown to have an important role in ATC and genetic alterations of this pathway are a fundamental mechanism for the pathogenesis of ATC [36] . This is also the case with melanoma [4] . mTOR mutations discovered in the present study represent a novel set of genetic alterations that contributes to the PI3K/Akt/mTOR signaling pathway in human cancer.
Interestingly, a mTOR mutation identified in an ATC was shown to confer resistance to allosteric mTOR inhibition but sensitive to kinase inhibitors [18] while some cancerassociated mutants exhibited sensitivities to rapamycin [17] .
Our present study showed that NIH3T3 cells expressing the novel mutants (H419R, G2359E, and E2288K) gained robust sensitivities to temsirolimus at clinically relevant concentration. This result was consistent with our previous report that mTOR mutant (H419R)-bearing C643 cell line was remarkably sensitive to temsirolimus in vivo [37] . These results suggest that mTOR inhibitors could overcome the acquired mTOR mutant-mediated drug resistance to RTK inhibitors in the treatment of cancers.
A previous study found mTOR mutations to exist as heterogenic mutations (intra-tumor heterogeneity) in human cancer [27] . It is possible that mTOR mutations might have been missed in our mutation detection process in the present study using Sanger's sequencing on genomic DNA isolated from whole-tumor tissues. However, analysis of 507 WDTC in the TCGA database that was determined using next-generation sequencing also did not show mTOR mutations, which was consistent with the previous report [21] , while mTOR mutations were found in PDTC and ATC [20] . These results suggest that mTOR mutations are indeed present in aggressive thyroid cancers, but not WDTC.
In summary, we report here the identification and functional characterization of two novel gain-of-function mTOR mutations in ATC and melanoma. This provides further evidence that oncogenic mTOR mutations can be an important genetic mechanism in human cancer and are effective therapeutic targets for human cancer using mTOR inhibitors.
Materials and methods
Cell lines, tumor samples, and DNA isolation A total of 58 samples, including 12 thyroid cancer cell lines (K1, BCPAP, K5, FTC133, OCUT-1, OCUT-2, FB-1, SW1736, HTh7, HTh74, KAT18, and C643, with the later 8 cell lines derived from ATC), 3 melanoma cell lines (M14, A375 and UACC62), 20 anaplastic thyroid cancer samples (ATC), and 23 melanoma tumor samples, were used in this study. Human tumor tissues were used with the approval by the Institutional Review board (IRB). Thyroid cancer cell lines were tested and authenticated as described before [38] . Cancer cell lines were cultured and genomic DNA was isolated from cell lines and tumor samples as described previously [39] .
PCR, sequencing, and mutational analyses PCR amplification and sequencing were performed on genomic DNA isolated from cancer cell lines and primary tumors. Sequences for all annotated exons and adjacent introns of mTOR gene were extracted from human genome sequences (http://www.genome.ucsc.edu). Primers were designed using the Primer 3 program (http://frodo.wi.mit. edu/primer3) and synthesized by Invitrogen Life Technologies (Invitrogen, Carlsbad, CA) (Supplementary Table S1 ). Each PCR reaction was performed in a 20-µl total volume and PCR products were directly sequenced using the BigDye terminator v3.1 cycle sequencing ready reaction kit (Applied Biosystems) and an ABI PRISM 3730 automated next-generation genetic analyzer. All coding nucleotides and amino acids were numbered corresponding to the human mTOR (NCBI Reference: NM_004958.3).
Multiple amino-acid sequence alignment
Amino-acid sequences of mTOR of various species of eukaryote were obtained from NCBI database (http://www. ncbi.nlm.nih.gov/protein/) as follows: H_sapiens (NP_004949.1), C_lupus familiaris (XP_535407.2), B_taurus (XP_001788280.1), M_musculus (NP_064393.1), R_norve-gicus (NP_063971.1), G_gallus (XP_417614.2), D_rerio (NP_001070679.2), D_melanogaster (NP_524891.1), S_cer-evisiae (NP_012719.2), K_lactis (NP_012719.2), A_gossypii (NP_985967.1), and A_thaliana (NP_175425.2). These amino-acid sequences were compared using a computer based multiple sequence alignment program (http://pir.georgetown. edu/pirwww/search/multialn.shtml).
mTORC1 3D structure
The PDB file of mTOR (wild-type and dimer) in the form of mTORC1 was downloaded from http://www.rcsb.org/pdb/ home/home.do using PDB ID: 5H64 and the mutated aminoacid residues were localized in wild-type native protein structure. Mutations were induced in mTOR in silico, modeled and visualized by PyMOL ® build version 2.0.6.
Expression vector and site-directed mutagenesis
A mammalian expression vector (pCMV6) containing the human wild-type mTOR as described previously [12] was used to generate 2 mTOR mutants H419R and G2359E with a Quick Change XL II Site-Directed mutagenesis kit (Stratagene, Lajolla CA) according to instructions of the manufacturer. The primers were designed using a templatespecific mutagenic primer design program and the primer sequences for the mutants (H419R and G2359E) were listed in Supplementary Table S2 . The mutations were confirmed in the vectors by sequencing with the primer SEQ-7F and SEQ-3F (Supplementary Table S2 ). Two mutants, P2273S and E2288K, from our previous study were used as positive controls. Plasmid DNAs for the transfection experiments were purified using a mini prep kit (Cat # K2100-11, Invitrogen, Carlsbad CA). [12] , and this cell lysate was used for western blotting and immunoprecipitation.
Immunoprecipitation
For various lysates, the protein concentration was adjusted to 1 µg/µl using ice cold cell lysis buffer. For immunoprecipitation, 500 µg total lysate protein from each sample was used and immunoprecipitated as exactly mentioned earlier [12] . One half of the immunoprecipitate was used for assaying mTOR kinase activity and the other half was resolved in a SDS/PAGE and subjected to western blotting analyses.
Protein kinase assay of mTOR
The protein kinase activity of mTOR was determined as described previously [12, 40] , using K-LISA mTOR (Recombinant) Activity kit (Cat # CBA104, Calbiochem-EMD Chemical Inc., Philadelphia, PA) per the manufacturer's instructions. Briefly, immunoprecipitates obtained above were re-suspended in 50 µl of 2× kinase buffer and gently mixed with 50 µl of mTOR substrate and reaction was initiated by an incubation at 30°C for 30 min. After the incubation, the reaction mixture was incubated in a glutathione-coated 96-well plate to facilitate the binding of substrate (GST-fused p70S6K) to the plate. The phosphorylation of the substrate was detected using anti-p70S6K-phospho-Thr389 antibody, followed by detection with HRP-antibody conjugate and TMB substrate. The sensitivity was increased by the addition of ELISA stop solution and relative activities were determined by spectrophotometric reading at 450 nm.
Western blotting
Cells were lyzed in ice cold RIPA lysis Buffer (Cat. No. sc-24948, Santa Cruz Biotechnology, Santa Cruz CA) after washing once with phosphate-buffered saline (PBS).
Western blotting was performed using 45 μg of cell lysates resolved on SDS/PAGE and transferred to a PVDF membrane (Millipore Co., Bedford, MA). The membrane was blocked with 5% skim-milk/PBS containing 0.1% Tween 20 (PBST) for 1 h at room temperature. The membrane was then sliced based on the molecular weights and incubated overnight at 4°C with primary antibodies. The membranes used for phospho-4EBP1, phospho-p70S6K and phosphoAkt were stripped off for total 4EBP1, p70S6K, and total Akt, respectively. After four times of washing with PBST, blots were incubated with respective HRP-conjugated antirabbit or anti-mouse secondary antibodies for 1 h at room temperature and protein bands were detected as exactly mentioned previously [12] .
Cell culture, transfection, and focus formation assay of NIH3T3 cells NIH3T3 cells were obtained from ATCC and cultured in DMEM supplemented with fetal calf serum (FCS) and focus formation assay was done as described previously [12, 41] . In brief, NIH3T3 cells were transfected with equal amount of empty vector or vectors expressing the wild-type mTOR or each of novel mutant (mTOR H419R, G2359E, and E2288K) in a 6-well plate (Costar ® Corning, NY) using the Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen Life Technologies, Carlsbad, CA). After 48 h of transfection, cells were washed once with PBS, tripsinized briefly, and transferred equally to two T-75 plates containing DMEM supplemented with 10% FCS and 800 µg/ml G418. Medium was regularly changed every 3-4 days. After 3 weeks of transfection, morphologically transformed, multi-layered cell foci were counted and photographed (Nikon Eclipse Ti-U, Tokyo, Japan).
Cell focus cloning and stable cell line establishment
Cell focus cloning and stable cell establishment were performed as described previously [12] . Each single multilayered foci formed from cells transfected with the empty vector, wild-type mTOR, novel mutant mTOR H419R, G2359E, and E2288K during the afore-mentioned focus formation assay was cloned using a sterile, wax coated and disposable cloning cylinders (Cat # TR-1004, Millipore, Billerica MA). All single colonies cloned were cultured, expanded and maintained in DMEM + 10% FCS + 800 µg/ ml G418. All the clones were subjected to extraction of genomic DNA followed by PCR amplification, sequencing and western blotting for confirmation of integration and expression of the vector constructs. In brief, part of each stably transfected NIH3T3 cell clone was lysed and genomic DNA was extracted as described previously [39] . Integration of the plasmid and presence of the mutation in the mTOR ORF and myc-tag were confirmed by PCR amplification of the genomic DNA using a sense primer binding in the mTOR cDNA and the antisense primer binding in the vector back bone of pCMV6. The amplicons were directly sequenced as described previously [12] . Cells of all the single clones were also analyzed by western blotting as described above for over-expression of mTOR protein and activation of the mTOR/p70S6K signaling pathway. The above verified clones were used in further experiments for functional studies of mTOR.
Determination of morphological transformation
Changes in the morphology of NIH3T3 cells expressing novel mTOR mutants were determined as described previously [12, 42] . Briefly, NIH3T3 cells stably transfected with the empty vector, wild-type mTOR, and the indicated mTOR mutants were plated in 60-mm culture plates (Corning, NY) at a density of 3 × 10 5 cells. Cells were cultivated one day in regular medium (DMEM + 10% FCS + G418 800 µg/ml), followed by examination of the cell morphology under a microscope (Nikon Eclipse Ti-U, Tokyo, Japan).
Soft agar colony formation assay
Anchorage-independent soft agar colony formation assay was performed as previously described [12, 41] 
Invasion assay
Cell invasion assay was performed as detailed previously [12] using matrigel invasion chambers consisting of BD Falcon TM cell culture inserts containing a polyethylene terephthalate (PET) membrane with 8 µm pores coated with matrigel matrix (BD BioCoat TM Matrigel TM Invasion Chamber, BD Biosciences, Bedford, MA).
Xenograft tumorigenicity assay
Xenograft tumor development assay was performed as described previously [12] . Briefly, four-week-old female nude mice (Hsd: Athymic Nude-Foxn1 nu MICE) were purchased (Harlon, Frederick MD) and maintained under standard conditions and in vivo experiments were performed per our institution's guidelines.
Cell proliferation assay
Cell proliferation assay was performed as described previously [37] . Briefly, NIH3T3 cells (5000 per well) were seeded in triplicates into a 96-well plate and transiently transfected with vector, wild-type mTOR or each of the mTOR mutant constructs. Two days later, cells were treated daily with DMSO or 10 nM or 1 μM of temsirolimus for 3 days. Cells were then added with 10 μl of 12 mM MTT agent (#M6494, Thermo Fisher Scientific) and incubated for 4 h, followed by addition of 100 μl of 10% SDS solution and incubated overnight. The absorbance was read at 570 nm on a microplate reader with a reference wavelength of 670 nm.
Analyses of TCGA data for mTOR gene mutation in thyroid cancer
We analyzed the TCGA data from two major studies (TCGA and MSKCC) with a total of 624 samples consisting of 507 well-differentiated thyroid cancer (WDTC), 84 poorly differentiated thyroid cancer (PDTC) and 33 anaplastic thyroid cancer (ATC) [43, 44] . All the analyses (visualization, analysis, and acquisition of data) were performed using the tools available in the cBioPortal database as described previously [45] .
